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ABSTRACT
Electroplating of Cr-Ni Alloy and Ni-Cr/Ni Multilayer Coatings
Liaowang Liu

The major interests of developing Ni-Cr alloy plating lie in the possible formation of a
passive film by chromium and its good chemical and mechanical properties. And nano
scale multilayer coatings exhibit improved properties due to nano scale effects (e.g.:
high hardness and strength) and they combine and enhance different properties from
individual components. Thus, electroplating of Ni-Cr multilayer coatings could have high
potential for numerous engineering applications. Electroplating in aqueous and in
organic solution by direct current were studied for Ni-Cr alloy coatings, and Ni-Cr
multilayer coatings were prepared by pulse current electroplating in single bath.
Traditionally, chromium or chromium alloy coatings were deposited from Cr(VI) bath.
The main advantage of a Cr(III) plating bath in comparison with a Cr(VI) bath is that Cr3+
ions are non-toxic. However, it is almost impossible to deposit the Cr coating from a
simple aqueous Cr(III) solution due to a very stable [Cr(H2O)6]3+complex. In this study,
two complex agents were used to promote the discharge of Cr3+ at the cathode side. A
good ratio of main salts and complexes agents with a decent wide range of current
densities for Ni-Cr alloy was determined by Hull cell test. The control of Cr content in NiCr alloy coating was achieved in the optimized plating bath.
The effects of Dimethylformamide (DMF) content in the solvent and current density on
the surface morphology, chemical state and hydrogen evolution were studied. Hydrogen
evolution and crack density decrease with the increase of DMF content. Crack-free Ni-Cr
alloy coatings with Cr content up to 58% were successfully obtained from 40% DMF
mixture electrolyte with wetting agent.
Cr–Ni multilayer coatings were achieved by pulse-current electroplating from a Cr(III)–
Ni(II) bath at room temperature without cracks. The thickness of each layer was

controlled to be tens nanometers by varying the duration of each pulse cycle, as
characterized by transmission electron microscopy (TEM).The Cr–Ni multilayers were
composed of alternate amorphous Cr-rich and nanocrystalline Ni-rich layers.
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Chapter 1 Introduction and Literature Review
1.1 Electroplating
One of the less expensive and most popular techniques for the preparation of alloys is
electroplating. Electroplating has considerable advantages over the other means of
production of alloys because the technique is relatively easy, technically simple, fast and
productive, and for certain system is the only method of preparation. Surface coatings
produced by electroplating can much improve the substrate so that materials can be
harder or more resistant to corrosive environments. Furthermore, electroplating is one
of the most popular methods to produce amorphous alloy or so called metallic glass
other than the rapid quenching method.

1.2 Electroplating of Ni-Cr alloy
The major interests of developing Ni-Cr alloy plating lies in the possible formation of a
passive film by chromium and its good chemical and mechanical properties. The codeposition of nickel and chromium from aqueous solutions has been hampered by the
large potential difference between the deposition of individual chromium and nickel.
While, due to the significant difference alloys very rich in one of the two metals may be
obtained.

Table 1.1 Standard electrode potential

Element

E˚(V)

2+

Ni /Ni

-0.25

Cr3+ /Cr

-0.74

In most cases, the electrodeposition of Ni-Cr alloys is a co-deposition of anomalous
plating types that is the electrochemically less noble nickel metal deposits preferentially
on the cathodes with respect to chromium the more noble metal. Edigaryan[1] found
1

that during the co-reduction of the ions with the formation of an alloy, the discharge
rate of nickel ions is sharply decreased and the deposition of chromium is accelerated,
compared to the electrodeposition of individual metals. The phenomenon observed was
accounted for by a sharp decrease in the rate constant of the electrochemical reaction
of nickel discharge on the surface of an alloy.
Usually, we use complex agent to control the active ion of the noble element (Ni) to
realize co-deposition. According to Song’s calculation[2], only 4% of the Cr3+ ions in the
bulk solution participated in the overall reduction reaction of Cr3+ to Cr(s). Hence, for
the Cr/Ni co-deposition, the complex agent is mainly used to increase the concentration
of active Cr3+.

1.2.1 Trivalent Chrome Plating
Among many potential alternatives, trivalent Cr plating has been considered as a very
promising technology to replace hexavalent Cr plating both in property and in cost. In
the past 30 years, many articles and patents in trivalent Cr plating were published. In
the US, Europe and Japan, commercial decorative trivalent Cr plating process has been
in use since mid-1970s [14]. Thus, in recent years, the researches on the trivalent Cr
plating have focused on the development of brightener, elimination of metal ion
impurities, prevention of trivalent Cr oxidization near the anode, and fabrication of
functional thick coatings with acceptable quality.
1.2.1.1

The existence form of trivalent chromium ion in simple aqueous

solution [3]
In aqueous solution, Cr3+ ion won’t exist independently but form an inner orbital
coordination complexing compound Cr(H2O)63+[4]. Cr3+ ion is in the center of the
octahedron[5] (Figure 1.1a), it can hardly get contact with the cathode to get electrons.
Therefore, the inert Cr(H2O)63+ needs more negative potential for discharging.

2

Hydrogen generation happens at the same time. The reduction reaction of Cr3+ to Cr0 is
characterized by a standard reduction potential (

) more negative

than the reduction potential of hydrogen in water:
( )
(

)

That means that the minimum polarization required to activate the reduction process of
trivalent chromium will produce a considerable hydrogen evolution, which leads to
poor-quality coatings with low current efficiency.
Moreover, the hydrogen evolution occurs at the cathode and causes a significant pH
increase near the electrode surface. When the pH value is higher than 4.5, the olation
reaction[6] and formation of Cr olation products (high molecular weight polymers where
the various Cr3+ ions are linked by hydroxyl bridges[7, 8]) will occur as a result. Once the
polymers formed during the olation process reach high values of molecular weight, they
precipitate near the cathode surface limiting the availability of Cr3+.
It is mentioned in a review literature that [9], thick chrome coating can be deposited in
ion electrolyte, current efficiency can be 30%~40%, by using the current density up to 15
A/dm2 with deposit rate 8~1.0 µm/min.
For the first time, the positive effect of some polybasic organic acid as ligands on the
current efficiency and physical properties of chromium electrochemically deposited
from diluted Cr(III) solution was noted[10].

3

3+

2+

2+

Figure 1.1 Equilibrium geometric structures of (a) [Cr(H 2O)6] , (b) [Cr(H2O)5CHOO] , (c) [Cr(H2O)4CHOO]
+[5]

and (d) [Cr(H2O)4CHOO]

1.2.1.2

.

Discharge mechanism of tricalent Cr

It is difﬁcult to electroplate trivalent chromium from aqueous solutions because aquachromium complexes have a low thermodynamic stability and a high kinetic
inertness[11]. Whereas previous plating workers found that the high-quality coatings
with excellent corrosion resistance and brightness can be electrodeposited from
4

electrolytes containing a complex ion constituted by trivalent Cr and at least one weak
complex agent such as oxalate and glycine[12], formic Acid[5] and oxalic acid[13]. The
organic acid has less than six atoms of carbon and the amine has at most six atoms of
carbon[14].
The electrolyte Giovanardi[15] used consist of CrCl3, Sulfate acid and formate. They
found that formate could replace the water molecular in the [Cr(H2O)6]3+ forming an
complex, which promote the discharge of Cr3+. The current efficiency can be up to 22.2%.
Also, by using formate and urea as complex agents in the sulfate bath, nanocrystalline
deposit was obtained with low pH value and high current density[16], with high
corrosion resistance and hardness.
Zeng Zhixiang[13] studied the electrochemical reduction process of trivalent Cr in the
presence of formic acid, and gave the optimized geometric structures of the original and
transition state ions during the electroreduction process. According to Zeng, in the Cr–
formic acid solution, the complexing ability of formate ion to Cr ion is stronger than that
of H2O, so a H2O molecule in [Cr(H2O)6]3+will be replaced ﬁrstly by formate ion to
produce [Cr(H2O)5CHOO]2+. Figure 1.1(b) is the equilibrium geometric structure of
[Cr(H2O)5CHOO]2+. Formate ion expands the distance between Cr3+ and H2O molecules.
Thus this H2O molecule is easy to depart from central Cr3+, which results in the
formation of [Cr(H2O)4CHOO]2+. [Cr(H2O)4CHOO]2+ is shown in Figure 1.1(c) which
exhibits irregular octahedron structure with Cr3+ ion as a top. Due to the exposure of
Cr3+ ion, Cr3+ ion can contact the cathode easily and obtain electrons. Figure 1.1(d)
shows the equilibrium geometric structure of [Cr(H2O)4CHOO]+. The introduction of an
electron signiﬁcantly weakens the forces between Cr and ligands. In this case, all H2O
molecules are easy to depart from central Cr2+ , which is favorable for the further quick
reduction of Cr2+ to metallic Cr on the cathode.
However, it is reported that the pH value increased with long time electrodeposition.
When it is more than 8[17], Cr(OH)3 formed on the surface of cathode, which decreased
the quality of the coating and acted as a barrier for further deposition. This is one of
5

main reasons for the difficulty of getting thick coating deposit from trivalent Cr bath.
Rousseau[18] discovered which mechanism was the major cause of the decrease of the
chromium deposition rate in a trivalent chromium bath from an electrochemical point of
view.
It was pointed out[19-21] that electroreduction of Cr(II) is a rate-limiting stage in
chromium electrodeposition. By establishing a mathematics model to testify the
relationship s between Cr3+ ions concentration, diffusion intensity, temperature and the
deposition rate of Cr3+ by mathematic methods. Li[19] find that even though the limited
current density of the reaction
reaction of

is controlled by diffusion step, the

is the rate control step of the whole trivalent chromium

electrodeposition, and the limited current density is independent of the diffusion
condition.

(Diffuse to the bulk solution)

(Continue to discharge)
i∑

3+

Figure 1.2 The Cr discharging steps
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1.2.1.3

Electrode reaction

1) Cathode reactions
According to Song[2], the chromium electroplating proceeded in two steps:
In the first step, Cr(Ⅲ) compounds were the reduced to Cr(Ⅱ)compounds, E=-0.42V(vs.
SHE):
(

)

(

)

where L- represents the ligand

In the second step, Cr(Ⅱ)compounds were reduced to metallic chrome, E=-0.90V(vs.
SHE):
(

)

( )

In Cr(Ⅲ) based aqueous bath, the development of hydrogen happened at the cathode
side as well, E=-0.12V(vs. SHE, pH=2):
( )
2) Anode reactions
Oxygen evolution

( )
( )

Chlorine evolution (side reaction)

Trivalent chromium was oxidized to hexavalent chrome (side reaction)

1.2.2 Internal stress in the deposits
A general review of the causes of internal stresses in electrodeposits given by Weil
summarizes ﬁve possible theories[22]: crystallite joining, hydrogen incorporation,
changes in foreign substances, excess energy, and lattice effects.
When considering amorphous deposits, crystallite joining should be modiﬁed to nodule
joining, which is taken into account in this study. Hydrogen incorporation can result in
7

both compressive and tensile stresses; when hydrogen stays in the deposits after
electroplating, a compressive stress is induced; on the other hand, once the
incorporated hydrogen releases from the deposit, a tensile stress occurs resulting from
the decrease in the volume of the deposit. Owing to the low current efﬁciency of
trivalent Cr reduction, hydrogen incorporation plays an important role in this study and
should be mainly discussed. Moreover, incorporated C originating from complex agents,
is regarded as the foreign substances and can apparently inﬂuence the internal stress of
the Cr–C deposits. Consequently, the internal stress of the deposit plated in trivalent Cr
baths seems to be related to crystallite/nodule joining, hydrogen incorporation, and C
incorporation. Nodule joining can be the main source leading to tensile stresses in the
amorphous Cr–C deposits, according to Chien[23].

1.2.3 Carbon in the coating
As mentioned in 1.2.1.2, organic complex agents containing less than 6 carbons were
needed to help trivalent Cr to be reduced to metallic Cr. Inevitably, the ﬁnal Cr coatings
electrodeposited from these baths contain considerable carbon content due to the
reduction of the carboxylic acids.
Moreover, the Cr–C deposit can have extremely high electrocatalytic activity for the
reduction of formic or oxalic acid[24]. It is generally recognized that C incorporated in
the interstitial sites of Cr results in lattice distortion. The extent of lattice distortion
always increases as more C is incorporated in the Cr deposit. It is thus understandable
that the Cr deposit plated in the bath displays an amorphous structure, as shown by
both the XRD and TEM characterizations.
Edigaryan[25] assumed that the formation of these carbide compounds during the
cathodic deposition of chromium electroplates from sulfuric acid Cr(III) solutions in the
presence of sodium oxalate is a result of electrocatalytic activity of metal chromium.
They confirmed this assumption by XPS analysis of surface layers formed during the
exposure of chromium to sulfuric acid solutions containing organic substances.

8

By calculation the separation factor for chromium and carbon deposition process,
Protsenko[26] found that the rate of carbon co-deposition process is entirely
determined by the rate of chromium electroplating reaction. He suggested that part of
active chromium as-atoms generated as a result of Cr(II) ions discharge may interact
with the carbon of organic bath constituent which is adsorbed on electrode surface:
( )

( )

( )

Thus, the process of carbon co-deposition in Cr-C electroplating from trivalent
chromium bath under consideration does not occur as a "pure" electrochemical
reduction. Active chromium ad-atoms seem to react with adsorbed organic molecules
forming chromium carbon compounds by "chemical" mechanism.

1.2.4 Hydrogen in the coating
Hydrogen is present in chromium deposits in two forms. There is a mobile hydrogen that
is removed from the deposits at 110 -120°C and a more strongly bonded hydrogen the
desorption of which finishes around 200°C[27].

1.3 Multilayer coatings
Multilayer films or compositionally modulated multilayers (CMM) consist of alternating
layers of two different metals or alloys. It is found that multilayers can combine the
properties of the constituent materials and have improved properties when compared
to the individual single layer films. Furthermore, it has been observed that materials
exhibit enhanced properties when their critical dimension is in the nano regime
(<100nm). Multilayered thin films have been shown to exhibit extremely high hardness
and a low friction coefficient, making them useful as abrasion-resistant coatings[28].
Multilayered films introduce a large number of interfaces parallel to the substrate
surface, which can deflect micro cracks and provide barriers to dislocation motion,
increasing the strength and fracture toughness of the films[29]. When layers have small
dimensions, dislocation blocking occurs when two phases of the multilayered film have
different shear moduli, and therefore different dislocation-line energies. In this case,
9

dislocations prefer to pile up at the interface within the layer with the lower shear
modulus. An additional stress is required to move the dislocations into the layer with
the higher shear modulus compared to that required in a homogeneous film.

1.3.1 Electroplating of Multilayers
Multilayers may be developed by a range of techniques, which include physical vapor
deposition (PVD), chemical vapor deposition (CVD), their derivatives and sputtering
Recently, electroplating has been employed for fabricating multilayers, because of its
low cost and convenience in operation. For example, multilayers of NiFe/Cu[30], Co–
Cu/Cu[31] and Co–Ni/Cu[32] have been successfully deposited by means of
electroplating.
There are mainly two techniques used for electrodeposition of multilayers — dual bath
and single bath. The dual bath involves the use of two different plating baths. The
substrate is successively transferred between separate plating baths to get different
compositional layers. The main advantage of dual bath is that it could make sure each
layer consist of pure metal. However, this process has some important draw backs: ⑴ it
is often accompanied by different phenomena, such as dissolution and reaction
displacement; ⑵ there may be contaminated or form an oxide layer on the substrate or
former layer during the transfer between baths. Such an oxide layer will have a negative
impact on the quality of multilayers. When it comes to Ni/Cr multilayer, the oxide layer
of chrome has no bonding with the following deposited layer. In SBT, an electrolyte
containing two or more metal ions may be used. A deposition of multilayers from a
single bath is normally carried out by periodically varying the current density or the
potential owing to the difference in reduction potential for metals in electrolyte. This
process presents electrochemical limitations for two metals choice. The deposition
current density or potential of both components must be sufficiently different to allow
separate electrodeposition. Alloying of the less noble metal with the other is almost
inevitable. Pure layers of the more noble metal can be deposited, while the less noble
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metal layers will always contain a certain amount of the other. In fact, this situation can
increase the bonding of interfaces.
The Ni-Cr multilayers should exhibit improved characteristics compared with chromium
without nickel deposits, such as corrosion and wear resistance[33]. In order to deposit
Ni-Cr multilayers in single bath, limit the amount of the noble metal (easy to be reduced)
in the coating by mass transfer is needed. In my electrolyte, nickel is the noble material
and Cr is the less noble one, because their reduction potentials.
The Ni-Cr multilayer coating in this study was deposited at room temperature, which
obviated the problems associated with element diffusion and ensured a good interface
structure.

Chapter 2 Experimental Method
2.1 Electroplating Set-up
The electroplating process was carried out by using Dynatronix DRP 20-10-30 shown in
Figure 2.1 as the power supply. This is a pulse generator, and can provide voltage up to
20V and peak current up to 30A. Especially, it has a recipe control function and the
minimum recipe step transition time is 100 milliseconds, which makes the nano
multilayer coating deposition possible. The schematic picture of electroplating process
setup is shown in Figure 2.2.
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Figure 2.1 Electroplating power supply—Dynatronix DRP 20-10-30

Figure 2.2 schematic of the electrolytic cell

2.2 Electrolyte
2.2.1 Formula of Electrolyte
The plating solution components were ascertained by groping experiments.
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Table 2.1 The composition of plating solution used to deposit the Cr-Ni coatings at 25℃

Constituent
CrCl3·6H2O
NiCl2·6H2O
CHOONa
urea
NaBr
(NH4)2SO4
H3BO3
SDS
pH

Concentration (g/L)
128
25
40.8
36
18.5
20
24
0.2
2.0

Function
Source of Cr3+
Source of Ni2+
Organic complexing agent
Organic complexing agent
Antioxidizing agent
Electrolyte support
Buffer agent
Wetting agent

2.2.2 Preparation of the electrolyte for deposition
All of the electrodeposition experiments were carried out in 500mL electrolytes
prepared with deionized water. All chemicals used were of laboratory reagent grade
from Alfa Aesar. The pH of electrolytes was adjusted to a required value by addition of
HCl or NaOH. The electrolyte used in the initial electrodeposition trials was based on a
simple solution from references [15, 17, 34-36] and the concentration was ascertained
by groping experiments. The pH was adjusted to 2. After each electrodeposition, the pH
was measured and readjusted to the original value.
Chromium chloride and sodium bromide were first added into DI water with magnetic
stirrer agitation and heat at 80℃, to promote the ions reach thermodynamic
equilibrium state[5]. After at least 12h, sodium formate was added slowly with
continued agitation for 1~2h or saw the color of the solution change from dark green to
bluish green, then add urea and other component separately with agitation until all the
chemical dissolved. The solution was then kept standing for 12h to approach equilibrium.
The pH of the solution was then measured and adjusted to the values speciﬁed. Finally
the solution was topped up to the correct working volume.
All the electrochemical measurements were carried out in a conventional threeelectrode cell at room temperature. A platinum plate (1*1 inch) was used as the counter
electrode and a saturated Ag/AgCl electrode served as a reference.
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2.2.3 Influence of the components
2.2.3.1

Buffer agent:

As mentioned in 1.2.1.3, at high current density, chrome electroplating accompanied by
the hydrogen evolution requires a high buffer capacity of the solution. Accordingly,
attention was mainly paid to choosing the buffer agent. For chrome electroplating bath,
one typically uses boric acid[34] or aluminum sulfate[5] as buffer agents.
Boric acid is the most common buffer agent in the electroplating field. It also acts as a
brightening agent for trivalent Cr electroplating[37].
While, the effect of Al3+ is controversial: the results from Roberti[15] show that the Al3+
ion is able to inﬂuence the deposition mechanism favoring a nucleation and growth
process which ensures brightest deposits; at the same time Al3+ promotes the hydrogen
reduction reaction, resulting in low current efﬁciency and defects, such as porosity and
fractures, caused by excessive hydrogen evolution. The effect of Al3+ ion can be
explained by considering, once again, its properties of Lewis acid and the fact that, being
positively charged, it is located near the cathode surface: this ion is able to stabilize the
pH at low values in proximity of the cathode surface even after the consumption of Cr3+
and H+. This phenomenon prevents the olation reaction from taking place, but
simultaneously increases the amount of H+ available for the hydrogen reduction
reaction. El-Sharif[38] believed that the role of aluminum chloride was to improve bath
stability and quality of chromium deposits.
Ward[39] indicated that Aqueous solutions of chromic salts are themselves acids. The
simple hexaquo chromium (III) cation is capable of auto-ionization in proton accepting
solvents to yield solvated hydrogen ions:
(

)

(

)(

)

He pointed out that the buffer is agent must itself not be able to auto-ionize as an acid
to yield the solvated proton. A range of organic liquids possess this property and are
themselves good ionizing solvents. They are the dimethylated amides.
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2.2.3.2

Br-:

It was claimed in the patent[40] that the addition of sodium halide, particularly in a
concentration of at least 0.8M, not only increases the plating range and current
efficiency, but also has a beneficial effect in enhancing covering power.
Help to suppress chlorine evolution

Act as stabilizer, it was used to prevent the oxidation of Cr(III) into Cr(VI) at the anode
[41, 42]:

2.2.3.3

NH4+:

The addition of an ammonium salt according to the invention improves the stability of
the solution and reduces the tendency to hydrogen evolution at higher water contents
(the use of high water contents is desirable, other things being equal, from an economic
viewpoint). Furthermore, the addition of an ammonium salt markedly reduces the effect
of a change in pH on the lower limiting plating current density.
The ammonium should be present a t a concentration of at least 0.2M, and preferably
from 0.6M to 1.0M. Solutions containing over 80% by volume of DMF, however, dissolve
only traces of ammonium chloride due to its limited solubility in DMF. It is, therefore,
necessary to provide sufficient water for the solution to be able to dissolve the required
amount of ammonium salt.
The mixed solvent system could be stabilized by the addition of ammonium ions as
ammonium chloride. In addition, the dissolved chlorine gas is involved in a further
reaction with the ammonium chloride[41]:
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This contributes to a gradual acidification of the bath, and helps to decrease the chlorine
evolution.
2.2.3.4

Cr6+

When chromium VI was added to these baths in the form of sodium chromate, it was
found to produce a mottled pattern of dark and light spots on the surface of the deposit
about 1 µm in size at a chromium VI level above 1200ppm. Increasing the level above
this cased a marked deterioration of the alloy deposits[41].

2.3 Substrate preparation
The electrodeposition was conducted on copper sheet, with surface area1.5×3mm 2
expose to the electrolyte. Before electroplating, the substrates were first mechanically
polished with various grades of Silicon carbide papers up to 1200 grit, rinsed with
deionized water and then dried with a cold air blaster. The current density for
electroplating was varied from 3 to 15 A dm2 for DMF mixture electrolyte and 5-35
A/dm2 for aqueous electrolyte. At the end of electroplating, the sample was cleaned in
ethanol, dried with a hot air blaster and then prepared for microstructure
characterization.

2.4 The choose of anode
The choice of anode material plays an important role in Cr or Ni/Cr electroplating, since
an appropriate oxygen evolution potential is required at the anode side. As mentioned
in 1.2.1.3, there are three possible reactions at the anode side. The lower the potential
is, the more likely for oxygen evolution; conversely, if the potential is too high, Cr3+ is
likely to be oxidized to Cr6+, and Cr6+ will poison the plating bath. However, if the
potential is too high, the severe reaction will lead to sharp pH value change and the
instability of the bath. Separation of the anode is one way to solve this problem.
To maintain the stability of the electrolyte for Ni and Cr co-deposition, it is preferred
that the anode be made of inert material, like high-density graphite and DSA. Table 2.2
is a brief comparison among them.
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Table 2.2 The merits and demerits of anode type

Type

high-density graphite

Strength

Cheap, good conductivity,
good corrosive resistance

Drawback

Fail to prevent Cr6+
formation, likely to be
oxidized, and the fall down
particle will contaminate
the bath

DSA
Convenient, good Low
oxygen evolution potential,
corrosive resistance, long
life time, cheaper than
platinum
Current efficiency a little
lower than that of graphite

Separation of anode
Solve the Cr6+
poisoning problem

Complex structure,
high cost(ion exchange
membrane), and
limited life time

2.4.1 Dimensionally stable anodes (DSA)
Dimensionally stable anodes were developed in the 1965 by Beer[43], and were first
applied in the chloralkali industry. Basically, they use precious metal RuO2 and TiO2
mixture coated on titanium. TiO2 served as a matrix contribute to improve the
mechanical and chemical stability[44], and RuO2 attribute to big decrease of the over
potential for chlorine or oxygen evolution. Moreover, DSA have good corrosion
resistance in chlorine generating environment and do not contaminate the electrolyte
because of their remarkable stability unlike the graphite anodes they replaced. In this
research, DSA was chosen to be used as anode.

2.5 Characterization of coatings
2.5.1 Scanning Electron Microscopy (SEM)
The surface morphology of the deposit and the cross section were observed using a
scanning electron microscope (JEOL JSM-7600F), and the average composition of the
deposit was measured with an Oxford Inca energy-dispersive X-ray spectrometry (EDS)
system equipped with SEM. LEI mode was used to observe the morphology, and COMPO
mode was used to reflect more information about the multilayer structure.
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Cross-sectional specimens mounted in epoxy or fixed in the clamp were mechanically
ground using a series of abrasive SiC grit size papers, from 120 to 1200 grit, followed
with final polishing using 3 µm and 1 µm diamond suspension.

2.5.2 Transmission Electron Microscopy (TEM)
The microstructure of multilayered thin films was examined by TEM. Specimens for TEM
were prepared with a special process to an ultrathin thickness that allows electrons to
transmit through the sample. Cross-sectional TEM samples were prepared by
mechanical thinning, polishing, followed by Ar+ ion milling with 5keV beam energy with
an incident beam angles of 6°, 4°, and 2° using a Gatan precision ion polishing system.
All TEM images of the films were obtained using FEI Tecnai T12 and FEI Tecnai F20.

2.5.3 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) analysis was carried out using a PHI 5000
VersaProbe System, utilizing monochromatic AlKα radiation to examine the passive film
formed on the surface and the chemical state in the deeper layer of specimens. The C1s
peak from carbon contamination at 284.8 eV was used as a reference to correct for
charging shifts. After a background subtraction according to Shirley, the quantification
of the species in the passive film was processed with XPSpeak 4.1 peak fitting software.

2.5.4 Electrochemical Measurements
All the electrochemical measurements were set up with a three electrode cell in a 500ml
glass container. A potentiostat/galvanostat (EG&G 263A) controlled by a computer was
used for all the electrochemical measurements. The three electrode cell setup consisting
of a pair of graphite counter electrodes (CE), an Ag/AgCl reference electrode (RE)
immersed in a saturated potassium chloride (KCl) solution and the specimen as the
working electrode (WE) was employed. Potentials cited in this thesis are all referred to
Ag/AgCl.
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2.5.4.1

Cathodic polarization curve measurement

1.0 cm × 1.0 cm specimens were cut from the copper sheet by using diamond saw. All
cathodic polarization curve measurements were performed at room temperature using
different electrolytes, prepared with deionized water. All specimens were mounted using
epoxy, ground with silicon carbide (SiC) papers starting from 120-grit and finishing with
800-grit, rinsed with distilled water, dried with a cold air blaster and then transferred to
the test electrolyte.
2.5.4.2

Corrosion resistance measurement

1.0 cm × 1.0 cm specimens were cut from the coating samples by using diamond saw. All
electrochemical measurements were performed at room temperatures using a 3.5 wt. %
NaCl solution, prepared with deionized water. All specimens were mounted using epoxy,
ground with silicon carbide (SiC) papers starting from 120-grit and finishing with 800-grit,
rinsed with distilled water, dried with a cold air blaster and then transferred to the test
solution.

2.5.5 Nano-indentation
Nanoindentation has been recently rekindled because of a need for techniques to study
the mechanical properties of thin films. Nanoindentation is similar to conventional
hardness testing but performed on a much smaller scale. The depth resolution is on the
scale of nanometers. Thus, it is possible to conduct indentation experiments on thin
films [45, 46]. Nanohardness (NH) is defined as the indentation load divided by the
projected contact area, and it can be obtained using the relationship NH=Pmax/A, where
P max is the maximum load applied during the indentation, and A is the contact area
between the indenter and specimen, projected into the plane of the surface. Nano
indentation was performed with a Nano-Indentation Tester (NHT2) by CSM Instruments
and the experiments were conducted using a spherical indenter was loaded to normal
loads up to 1mN with a pause of 10 seconds.
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2.5.6 Mircoscratch test
Mircoscratch as well as friction and wear tests were carried out using a CETR
microtribometer (CETR Inc.). In the microscratch tests, a conical diamond indenter
having a tip radius of 1.5 µm and an included angle of 60° was drawn over the sample
surface, and the load was ramped up until substantial damage occurred. An acoustic
emission sensor was used to detect crack formation during scratching. The 0.5-mm long
scratches were made by translating the sample while ramping the loads on the conical
tip over different loads ranging from 6 mN to 50 mN. The coefﬁcient of friction, friction
force, normal load, and acoustic emission signal were detected in situ during scratching.
Scanning electron microscopy (SEM; Zeiss Ultra plus Field Emission Gun (FEG)-SEM) was
used to examine the scratch tracks for all samples.

Chapter 3 Electroplating of Nickel-Chrome alloys in aqueous
solution
3.1 Hull cell study
The Hull cell is an economical and powerful screening device to estimate the effects of
electrolyte compositions and concentrations, and applied working conditions (e.g.:
temperature, pH value, and stirring) on the deposit surface appearance, composition
and crystal structure.
Normally, the Hull cell gives information about the deposits features over a wide range
of current densities and various experimental results on a single cathode. For its high
efficiency, Hull cell technology was chosen to initial study the influence of some key
parameters (e.g.: main salts concentration and current density) on Cr deposit content in
the electroplating of Ni-Cr alloys.
As mentioned in 1.2, the difference between the deposition potential of individual
chromium and nickel is large, and the co-deposition of them only happened in a narrow
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range of the current density. Therefore, to increase the range of current density for NiCr alloy formation was the initial goal of this research.

3.1.1 Experimental set-up and design
Hull cell tests were used to study the effect of main salts concentration on the coatings.
The setup for Hull cell electroplating is shown in Figure 3.1. Dynatronix DRP 20-10-30
worked as power source to supply current needed for DC electroplating. Masked copper
sheet (100 x 70mm) with exposed 1230mm2 (100 x 12.3mm) deposit area for DC
electroplating and DSA sheet (63 x 70mm) was served as the anode.

Figure 3.1 Schematic diagram for the Hull cell electroplating setup

3.1.2 The effect of the concentrations for main salts
The tests were conducted in a 267 ml Hull cell filled with the baths as shown in Table 3.1.
In order to develop Cr-Ni alloy plating with different Cr and Ni contents, the
concentration of the two main salts are variable, and that of other salts are fixed.
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Table 3.1 Component of electrolytes used in Hull cell studies (25℃)

Solution
1

Solution
2

Solution
3

Solution
4

Solution
5

Solution
6

CrCl3·6H2O

0.4M

0.4M

0.4M

0.6M

0.6M

0.6M

CHOO-

0.8M

0.8M

0.8M

0.8M

0.8M

0.8M

Br

0.1M

0.1M

0.1M

0.1M

0.1M

0.1M

NH4+

0.2M

0.2M

0.2M

0.2M

0.2M

0.2M

H3BO3

0.6M

0.6M

0.6M

0.6M

0.6M

0.6M

urea

0.8M

0.8M

0.8M

0.8M

0.8M

0.8M

NiCl2·6H2O

0.1M

0.2M

0.3M

0.1M

0.2M

0.3M

pH

2.0

2.0

2.0

2.0

2.0

2.0

-

Figure 3.2 Deposits obtained from solution 1,2,3,4,5, and 6 in Hull cell tests

The results of Hull Cell tests showed in Figure 3.2. According to the Hull cell experiments,
bright Cr-Ni alloy coatings are obtained in the range 5-40A/dm2. It should be pointed out
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that the bright range is silvery white with slightly golden tinge to silvery white in
appearance, which may be associated with Ni rich and Cr rich coating. The silvery white
with slightly golden tinge color may be associated with the Ni rich coating, whereas the
silvery white color with the Cr rich coating. The black part was caused by high current
density.
The current density range of Cr-rich coating is very narrow in solution 1, at a very wide
range of current densities, only Ni-rich layer can be deposited. With the increase of Cr3+
concentration in the solution, the current density range for Cr-rich layer increase. The
Ni-Cr alloy range of solution 5 and 6 seem the same, but the range for Cr-rich coating of
solution 5 is larger. Since a decent wide range of current densities for alloy and Cr-rich
deposits were the initial goal, the composites and concentration of solution 5 was good
for further study.

3.1.3 Cathode polarization curve
Cathodic potentiodynamic behavior of the various electrolytes was determined using
linear sweep voltammetry.

v=1mv/s
v=5mv/s
v=50mv/s
v=500mv/s

Current /-A

0.15

0.10

0.05

0.00

-0.5

-1.0

-1.5

-2.0

Potential /V

Figure 3.3 Cathodic polarization curves recorded in basic solution 5 with different scan rates
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They were measured in basic solution 5 (without main salts) with different scan rates in
a potential range from -0.4V to -2.0V to determine the suitable scan rate. From Figure
3.3, the curves scanned by 1mv/s, 5mv/s and 50mv/s were almost the same. Based on
the need of efficiency and accuracy, 5mv/s was chosen for future study.
Electrodeposition of Cr-Ni alloy coatings was carried out in Cr(III) baths, using the
nominal compositions of baths, which are presented in Table 3.2.

Table 3.2 Constituent of electrolytes for cathodic polarization curves measurement

(25℃)

Solution

Constituent

1

2

3

CrCl3·6H2O

0.48M/L

0.48M/L

0.48M/L

NiCl2·6H2O

0.12M/L

4

5

0.12M/L

0.12M/L

CHOONa

0.6M /L

0.6M /L

0.6M /L

urea

0.6M/L

0.6M/L

0.6M/L

NaBr

0.18M/L

0.18M/L

0.18M/L

0.18M/L

0.18M/L

(NH4)2SO4

0.18M/L

0.18M/L

0.18M/L

0.18M/L

0.18M/L

H3BO3

0.43M/L

0.43M/L

0.43M/L

0.43M/L

0.43M/L

solvent

DI water

DI water

DI water

DI water

DI water

pH before

2

2

2

2

2

pH after

2

2

2

2

2

Shining

Shining

sliver

sliver

white color

white color

Coating quality

Black
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Shining sliver white
Black

color with slightly
golden tinge

1
2

-0.12

Current /A

-0.10
-0.08
-0.06
-0.04
-0.02
0.00
-0.2

-0.4

-0.6

-0.8

-1.0

-1.2

-1.4

-1.6

-1.8

-2.0

Potential /V

Figure 3.4 Cathodic polarization curves recorded in solution 1 and 2 with 5mv/s scan rate

Figure 3.4 shows the current potential curves for bath 1 and 2 as previously described in
Table 3.2. Curve 2 for chromium with complex agents divides into two main parts
separated by a short plateau region at -1.15V to -1.3V. There are no current until the
electrode potential reaches -0.8V, then the current increases with the potential sweep.
This wave (-0.8V to -1.15V) is due to the reduction of Cr(III) to Cr(II)[17, 41]. The Cr(II)
which diffuses back into the bath is highly unstable and will react with the hydrogen ion
or water to form hydrogen gas and return to Cr(III). At the potential more negative than
-1.3V the deposition of chromium metal begins and the current rises rapidly. Inspection
of the data reveals the discharge of hydrogen occurs within the current plateau region,
as can be observed visually.
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-0.16

5
2
3

-0.14
-0.12

Current /A

-0.10
-0.08
-0.06
-0.04
-0.02
0.00
0.02
-0.2

-0.4

-0.6

-0.8

-1.0

-1.2

-1.4

-1.6

-1.8

-2.0

Potential /V

Figure 3.5 Cathodic polarization curves recorded in solution 2, 4, and 6 with 5mv/s scan rate

Figure 3.5 show the cathodic polarization curves recorded in bath 2, 3 and 5 respectively.
The curves were swept from -0.2 V in the negative direction. These curves are
characterized by an initial rapid potential shift to more negative values followed by a
gradual increase in the current density. Simultaneous discharge of hydrogen ions was
observed during the electrodeposition of Cr or Ni or Cr-Ni alloy. The potential at which
the current rises sharply could be considered as the deposition potential for chromium.
However, it is known that the standard reduction potential for chromium from Cr(III)
solution is less negative, about -740 mV(SHE), indicating that Cr deposition is
accompanied by polarization. The curve 5 for nickel (bath 5) with complex agents shows
nickel deposition from -0.85V. No separate wave is seen due to the hydrogen evolution
at a lower over-potential. It has been found experimentally that the formation of Cr-Ni
alloy begins at a less negative potential (-0.9V) than that of pure Cr (-1.15V) in the bath
without of Ni(II) ions.
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3.2 The Effect of current density
3.2.1 Morphology
Figure 3.6 shows the SEM pictures of Ni-Cr coatings deposited from solution 5 using
different current densities. The deposition parameters show in Table 3.3.
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Figure 3.6 SEM imaging of coatings deposit from solution 5 using different current densities at 1,000×
magnification

All the coatings deposited from solution 5 had cracks on the surface, expect for Figure
3.6 (a). With the increase of current density applied, the density of cracks increased. The
microstructures show a smooth surface containing some nodules on top and some
microcracks on the coating. It was generally believed that the cracks were attributed to
the reduction of hydrogen ions during the electrodeposition process results in hydrogen
evolution. At lower pH, the reduction of hydrogen ions during the electrodeposition is
more pronounced due to higher concentration of hydrogen ions, thus higher tendency
for microcracks formation is expected by applying a high cathodic current density.

Table 3.3 Composition of deposits from baths 1

Picture

Atomic% Cr

Atomic% Ni

(a)
(b)
(c)
(d)
(e)
(f)

0
14.48
22.51
50.41
79.04
87.51

100
85.52
77.49
49.59
20.96
12.49
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Current Density
(A/dm2)
5
10
15
20
25
30

Time (min)
10min
10min
10min
10min
10min
10min

Figure 3.7 Cracks on the Ni-Cr alloy coatings

Some researchers [47] believed the crack formed on and along the boundaries of the
nodular grains formed. Conversely, this assumption was not consistent with the SEM
observation result of our samples. Obviously, the cracks went through the pinhole or
the nodular grains directly, which indicated that the cracks formation time was after the
deposition finished. However, when exactly the cracks formed was still unknown.

3.2.2 Composition
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Cr composition (Atomic%)

100
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0
-10
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Current density (A/dm )

Figure 3.8 Eﬀect of current density on the composition of Cr–Ni coatings electroplated from the Cr(III) and
Ni(II) bath using DC current.

It can be seen from Figure 3.8 that the influence of current density on Cr content of the
deposits is great. With the increase of current density, the Cr content increases
continuously. Coatings of Cr content from 0% to 87.51% were achieved.
From the result of Figure 3.8, Cr-rich and Ni-rich deposits were achieved individually by
regulating the current density: lower current densities or less negative reduction
potentials for Ni-rich deposits, and higher plating current densities or higher reduction
potentials for Cr-rich deposits. Hence, a multilayer structure with a modulation of Crrich and Ni-rich deposits can be expected to be deposited by means of pulse plating with
the current densities.

3.3 Crack—proposed solution
It is pointed out by some researchers [48, 49] that the surface cracks created in Cr
deposits or Cr alloys are difﬁcult to avoid by using direct current electroplating in
aqueous solution, because of the high residual stresses in the Cr deposit and the
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creation of hydrogen bubbles during electroplating. According, Ni-Cr alloy electroplating
also encountered the same problem.
Three directions were proposed to eliminate the cracks involving the release of residual
stress, suppression of hydrogen evolution and the introduction of sublayer to prevent
the crack from propagate the coating.
It is reported that crack free Cr or Ni/Cr alloy coating could be realized by pulse current
density [50, 51]. The effect of pulse plating on crack elimination was explained through
the earlier release of hydrogen and stress during the off-period. However, the goal was
achieved at the expense of Cr content, since the chromium deposit would also redissolve during off period at the same time.
During the late 1960s, using organic solvents (or mixed with water) were proposed[40],
in particular one consisting of dimethylformamide (DMF) as a polar aprotic solvent
which decreases the H2 gas evolution. Mixture of different dipolar organic compounds
may be employed. In order to minimize the tendency of hydrogen to be evolved at the
cathode, it is preferred that the dipolar organic compound be aprotic.
For optimal hardness and corrosion resistance, Huang[52] recommend a sequential twostep electrodeposition with Ni-rich alloy electroplating followed by Cr-rich alloy
electroplating, or Cr/Ni alloy electrodeposition, to create a protective coating.
As an alternative, Etminanfar[53] showed that the optimized 20nmCr/50nmNi
multilayer coating have great corrosion resistance due to its crack free surface and
layered structure.
Wang[54] found that the microcracks formed during electroplating were closed after
plasma nitriding at higher temperature as the result of nitride and carbide layer
formation and nitrogen and carbon went into the cracks. Moreover, there is a slight
increase in the surface hardness of nitrided specimen compared to hard chromium
plating.
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Chapter 4 Electroplating of Nickel-Chrome alloys in DMFMixture Solution
It is generally believed[55] that surface cracking in the Cr deposit can reduce its residual
stress developed during the electrocrystallization of metallic chromium, suggesting that
the higher surface-crack density of the Cr-deposit is, the lower the residual stress would
be. However, from the perspective of corrosion resistance mechanism, it has been
accepted by many researchers that surface cracks of the Cr deposit would be the active
path in certain corrosive environment due to crevice corrosion within the crack and
exposing especially in the relatively active substrate. Therefore, attempts to develop a
plating technology for a crack-free Cr or Cr alloy deposits are very important.
The use of a dipolar organic compound in place of a substantial proportion of the water
of an aqueous plating bath has the advantage of reducing the tendency of hydrogen to
be evolved at the cathode.
If the complexes formed are excessively stable, then electrodeposition may be difficult.
It is believed[40] that the highly electronegative oxygen atoms which characterize the
dipolar organic compounds of this invention may act as covalent links in the formation
of complexes between the chromic ions and the organic molecules.
In 1969, Bharucha[40] and Ward of the British Non-Ferrous Metals Research Association
(BNFMRA) published information on a trivalent chromium plating process using an
unusual solution with 50 percent by volume dimethylformamide (DMF) as the solvent
for chromic chloride.

4.1 Introduction of DMF
Dimethylformamide (DMF) is a dipolar aprotic solvent with the formula (CH3)2NC(O)H,
which is miscible with water in all proportion and the majority of organic liquids. It
contains no labile hydrogen atoms and therefore does not have the ionizing ability to
provide solvated hydrogen ions.
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DMF[40], in addition to possessing the best balance of physical, chemical, toxicological
and economic properties, has good electroplating properties. DMF has a wide liquid
range (B.P. 150 °C), high dielectric constant (37.5), low Vapor pressure at ordinary
temperature (3.6mm mercury at 25 °C) and is completely miscible with water in all
proportions. The chromic salt CrCl3·6H2O has very high solubility (450g/L) in DMF, the
interaction with the solvent resulting in stable complexes of the type CrCl3·6DMF and
CrCl3·4DMF.
DMF was used as complex agent for trivalent chromium[7, 56, 57].Wald pointed out in
the patent[58] that DMF could be treated as “a weak complexing agent for trivalent
chromium ions” which is used and defined herein as meaning a complexing agent for
trivalent chromium ions which does not bind trivalent chromium so strongly as to
prevent electrodeposition of chromium from aqueous trivalent chromium solutions
containing it. DMF was also tried in our laboratory at various concentrations as complex
agents but had negative effects.
Additionally, DMF was also used as butter agent[59]. These was consistent with our
experimental findings that it consumed more analytical pure HCl to adjust to the target
pH value of DMF mixture electrolyte compared to aqueous solution. However, for this
study, the DMF was only served as part of the solvent.
Fawcett[60] reported a study of the electroreduction of
concluded that the electroreduction of

(

)

(

)

in DMF, and they

in DMF is in many ways similar to

the reaction in water, while the rate of the reaction in DMF is approximately 30 times
faster than in water under equivalent conditions.

4.2 DMF mixture electrolyte
Because the limitation of solubility and conductivity of DMF will lead to low current
efficiency and bad coating quality, the content of DMF needed to be controlled within a
certain range. To get the optimized DMF content range, different volume ratio of DMF
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in the solvent were studied; details were showed in Table 4.1. All the components were
dissolved in the mixture of DI water and DMF.

Table 4.1 Constituent of electrolytes with different volume ratio of DMF (25℃)

Bath No.

1

2

3

4

5

CrCl3·6H2O

0.48M

0.48M

0.48M

0.48M

0.48M

NiCl2·6H2O

0.12M

0.12M

0.12M

0.12M

0.12M

CHOONa

0. 6M

0. 6M

0. 6M

0. 6M

0. 6M

Urea

0.6M

0.6M

0.6M

0.6M

0.6M

NaBr

0.18M

0.18M

0.18M

0.18M

0.18M

(NH4)2SO4

0.18M

0.18M

0.18M

0.18M

0.18M

H3BO3

0.43M

0.43M

0.43M

0.43M

0.43M

Constituent

Solvent
pH

100% DI water 80% DI water 70% DI water 60% DI water 50% DI water

2.0

+20% DMF

+30% DMF

+40% DMF

+50% DMF

2.0

2.0

2.0

2.0

4.3 The effect of DMF on morphology
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Figure 4.1 SEM imaging of coatings deposit from bath 2 to bath 4 at (a)(c)(e)(g)(i) 1,000× and (b)(d)(f)(h)(j)
5,000× magnification

The solubility of the components in DMF, especially that of NH4+[40] and H3BO3 is very
low, there is no SEM imaging recorded for the coating deposited from bath 5, because
not all the salts could be dissolved.

Table 4.2 Composition of deposits from baths 2.3.4

Sample
No.
1
2
3
4
5

Bath No.

Picture

Atomic% Cr

Atomic% Ni

2
3

(a).(b)
(c).(d)
(e).(f)
(g).(h)
(i).(j)

30.55
33.80
33.92
41.29
52.53

69.45
66.20
66.08
58.71
47.47

4

Current Density
(A/dm2)
5
5
5
6
7

Time (min)
10min
10min
10min
10min
10min

The Cr% in the coating corresponding to the SEM pictures shows in Table 4.2. With the
increased of DMF amount in the electrolyte, the number and the width of cracks was
decreased a lot. Especially, the coatings deposited from bath 4, there were no cracks on
sample 3 and 4, and the Cr% can be up to 41%. When the current density increased to
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7A/dm2, though the Cr% was increased to 52%, discontinuous cracks were observed on
the coating.

4.4 Hydrogen evolution
To study the influence of DMF on hydrogen evolution, cathodic polarization curves were
measured in the basic electrolyte of bath 1 and bath4, shown in Figure 4.2. As there
were no metal ions in the basic electrolytes, the curve only reflect the reaction of H+
reduction.

0.25
Bath 4: Basic electrolyte with 40% DMF, pH=2
Bath 1: Basic electrolyte with DI water, pH=2

0.20

Current /-A

1
0.15

4

0.10

0.05

0.00
-0.2

-0.4

-0.6

-0.8

-1.0

-1.2

-1.4

-1.6

-1.8

-2.0

Potential /V

Figure 4.2 Cathodic polarization curves for electrodes recorded in the basic electrolyte ( bath 4 and bath 1
without main salts) pH 2.0, temperature 20 ℃, potential scan rate 5mV/s

From curve 1, the hydrogen evolution reaction was very severely when the potential the
more negative than -1.0V (the slope of the curve increased a lot), while the reaction
current of H+ reduction for curve 4 is small compared to that of curve 1. This can be
attributing to the factor that DMF is a dipolar aprotic solvent, and contains no labile
hydrogen atoms and therefore does not have the ionizing ability to provide solvated
hydrogen ions, so the H+ concentration in DMF mixture is smaller than that in pure
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aqueous electrolyte. Therefore, the H+ reduction rate in DMF mixture electrolyte is
lower.
Adding DFM as part of the solvent could suppress hydrogen evolution and decrease the
density of cracks on coatings effectively. Additionally, Ni-Cr coatings could be acquired
at much lower current density from DMF mixture electrolyte compared with aqueous
electrolyte. That could be another reason account for the decrease of crack density,
because the relative low deposition rate benefits the stress release of the deposit, which
has similar function like low duty circle Cr electroplating for crack free coatings[51].
Hoare[61] provided a theoretical background about why pure chrome can be deposited
easily from Cr6+ and cannot be easily deposited from Cr3+. He argued that Cr3+ can easily
complex with water to form Cr(H2O)63+ which he claims, is inactive. The continuous
complexation process accounts for the decay of the CrCl3 bath. Contrary to the trivalent
chromium, CrO3 can polymerize to a trichromate species which accumulate near the
interface, accept electrons on by one and finally reduce to chrome metal. In this way,
there is no naked Cr3+ exposed to the attack of H2O. The theory also explains the critical
ratio of sulfate to CrO3 (1 to 100). At this ratio, most trichromate ions are blocked at one
end so that electron transfer takes place only at the other end. Hoare’s results seem to
support indirectly Ward and Christie’s results[39], because the DMF could contain Cr3+
so that Cr3+ would be immune from water complexation.

4.5 The Effect of surfactant
4.5.1 Introduction of surfactant
From Figure 4.1, even though DMF helped to reduce the cracks on the coating, however,
the existence of pinhole is not desirable. Pitting is caused by adhesion of air or hydrogen
bubbles to the parts being plated. As chromium deposition need very low pH value, so
H2 bubble cannot be avoided. Stirring the plating solution or rotating objects being
plated can lessen the problem but cannot provide a satisfactory resolution for the
problem.
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Incorporation of the surface-active compounds with suitable structures into a plating
bath appears to be a promising remedy to diminish surface pinholes. The function of
wetting agents or surfactants is to lower the surface tension of the plating solution so
that air and hydrogen bubbles do not cling to the cathode surface. In principle, the
surfactant molecules play a role in the removal of tiny hydrogen bubbles from the
surface of the substrate through adsorption at the H2–liquid interface as illustrated in
Figure 4.3.

Figure 4.3 Schematic diagram showing the adsorption of surfactant molecules on the hydrogen bubble[62]

Sodium dodecyl sulfate (SDS) is one of the most common surfactants for plating field. So
it was chosen as surfactant in this study. The concentration of SDS should be controlled
between 0.05g/L to 0.2g/L. The amount of SDS used in this plating bath was determined
by groping experiments, which was 0.2g/L.

4.5.2 Morphology
Figure 4.4 shows the SEM imaging of Ni-Cr coating deposited from bath 4 with 0.2g/L
SDS, the diminishment of pitting observed on the deposits. According to the EDS result,
the Cr% was around 58%.
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Figure 4.4 SEM imaging of Ni-Cr coating deposited from bath 4 at (a) 1,000× and (b) 5,000× magnification

4.6 Chemical state analysis
In order to obtain the chemical information about the Ni-Cr coating, XPS analysis is
carried out. Figure 4.5 shows survey scan of the deposit. It can be observed that besides
chromium and nickel, carbon, oxygen and small amount of nitrogen are also present.

Ni 2p

Cr 2p

LMM(Cr)

Intensity / a.u.

LMM(Ni)

Cr 3p

Cr 3s

After sputtering

O1s

C1s

O1s
Cr 2p
C1s

0

200

Surface

400

600

800

1000

Binding Energy /eV

Figure 4.5 XPS survey spectra for Ni-Cr coating from bath 4 before and after sputtering for one minute
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576

Surface
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Binding Energy /eV
Figure 4.6 XPS spectra for (a) C 1s (b) Ni 2p3/2 (c) Cr 2p3/2 recorded respectively for Ni-Cr coating from bath
4 before and after sputtering for one minute

Specific functional organic groups can be distinguished from C1s band with binding
energies above 285.0eV. For carbon-containing molecules coordinated on the metal
surface, the carbon-metal interaction is revealed in the spectrum by the appearance of a
low energy line as compared with the binding energy of 285.0eV. Edigaryan [25]
believed that, for this case, the values of negative shifts can vary from 1.5 to 0.2eV.
Reduced shift value points to a decrease in the electronic density on carbon and a
weakening of metal-carbon interaction.
The XPS spectrum recorded in the depth of Ni-Cr coating deposited from bath 4 (Figure
4.6 (a)) shows three C 1s peaks for the original surface layer (at 283.1, 284.8, and
288.4eV) The peak at 283.1eV corresponds to metal-carbon bond[17, 63], the peak at
284.8eV can be assigned to C-C bond[17, 63, 64] and the third peak may be attributed to
organic ligands adsorbed on the coating surface[63].
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It seems there is only one peak (Figure 4.6 (a)) in the deep layer (sputtering for one
minutes, 20nm in depth), however, the C 1s is actually an envelope of the spectral lines
(Figure 4.8 (b)), which covers not only the peak (at 283.1eV) of a carbide constituent,
but also the peak (at 284.8eV) of graphite-like carbon[63]. This result agree with
Huang[65], who extracted carbon-based membranes from as-deposit Cr coatings by
etching in a solution of 33 vol.% HNO3 + 67 vol.% HCl.
XPS of the Ni 2p core level of Ni-Cr coating from bath 4 are shown in Figure 4.6 (b). The
spectrum for surface layer shows the presence of pure Ni metal as well as Ni 2+. Ni 2p3/2
peak at 853.0eV can be assigned to metallic nickel, whereas the peak at 856.6eV could
be assigned to Ni2+ in the form of hydroxide or oxide, instead of Ni3+ like Tharamani[66]
claimed. The spectrum for the inner layer indicates the presence of pure nickel.
Similarly, XPS of the Cr 2p core level of Ni-Cr coating from bath 4 are shown in Figure 4.6
(b). The spectrum for surface layer shows the presence of pure Cr metal as well as Cr3+.
Cr 2p3/2 peak at 574.3eV can be assigned to metallic chromium. The peak at 577.0eV
could be assigned to Cr3+ in the form of oxide or hydroxide as Cr(OH)3 or CrOOH[66].
And this oxyhydroxide passive film could enhance the corrosion resistance of the Ni-Cr
alloy[66]. For the XPS spectrum of deep layer, the detailed analysis result (Figure 4.8 (b))
indicates the presence of Cr metal and Cr3+. Chromium carbide peak cannot be observed
distinctly as the binding energies for metallic chromium and chromium carbide are very
close to each other [63, 67, 68].
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Figure 4.7 Fitting result of XPS spectra for O 1s recorded for Ni-Cr coating from bath 4 (a) before and (b)
after sputtering for one minute

Figure 4.7 present the XPS spectrum of O 1s core level for the Ni-Cr coating from bath 4.
In the surface layer, the high intensity peak at 532.0eV could be assigned to hydroxide,
and weak peak at 530.4eV could be assigned to oxide. In the deep layer, the intensity
peak at 530.4eV increases, while that at 532.0eV decreases to a weak peak. The
presence of hydroxide in the inner layer agrees with the assignment of Ni 2p3/2 peak at
856.6eV in Figure 4.6 (b).
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Figure 4.8 Fitting result of XPS spectra for C 1s recorded for Ni-Cr coating from (a) bath 1 and (b) bath 4
after sputtering for one minute
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Figure 4.9 Fitting result of XPS spectra for Cr2p3/2 recorded for Ni-Cr coating from (a) bath 1 and (b) bath 4
after sputtering for one minute
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Table 4.3 Parameters of the photoelectron spectra of C1s of chromium deposits from bath 1 and 4

No. of bath

1

Chemical state

Binging energy (eV)

Area

FWHM (eV)

Cr-C

283.1

1640.3

1.2

C-C

284.8

867.6

2.5

Cr0

574.2

37608.6

1.5

Cr

575.4

17098.8

2.4

Cr-C

283.1

2056.9

1.2

C-C

284.8

502.6

2.3

0

574.3

26823.4

1.7

3+

576.0

9947.7

2.4

3+

4

Cr
Cr

The detailed analysis of XPS result of coatings obtained from bath 1 and bath 4 shows in
Figure 4.8, Figure 4.9 and Table 4.3.

4.7 Corrosion resistance
The potentiodynamic polarization curves of the Ni-Cr coating electrodeposited on
copper in 3.5 wt. % NaCl solutions are shown in Figure 4.10.

0.6
0.4

1. 40 Cr coating from DMF mixture bath
2. 58 Cr coating from DMF mixture bath
3. 54 Cr coating from aqueous bath

Potential/ V (vs.Ag/AgCl)

0.2
0.0
-0.2
-0.4
-0.6
-0.8
-1.0
-1.2
1E-8

1E-7

1E-6

1E-5

0.0001

Current density/Acm

0.001

0.01

-2

Figure 4.10 Potentiodynamic polarization curves for different specimens in 3.5 wt% HCl solutions
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Table 4.4 The electrochemical parameters of potentiodynamic polarization curves in 3.5 wt% HCl

Curve No.
1
2
3

Ecorr(mV)
-149
-186
-195

icorr(Acm-2)
1.116E-6
9.751E-7
3.042E-6

Epass(mV)
-29.9
-9.8
-15.8

ipass(Acm-2)
6.906E-5
1.648E-4
4.706E-4

b+(V)
0.053
0.057
0.060

b-(V)
-0.362
-0.313
-0.27415

OCP(mV)
-276
-261
-232

The corrosion potential (Ecorr) and corrosion current density (icorr) were calculated using
the Tafel extrapolation and summarized in Table 4.4. Obvious passivation following
active dissolution during anodic scan was observed for samples studied. Passivation
potential (Epass) and passivation current density (ipass) were thus measured. It can be
seen in Table 4.4 that the ipass was larger than the icorr. This is different from the
metallurgical high-purity Cr, which displays an ipass markedly lower than the icorr[69].
Generally, the increase in the current density in the passive region was attributed to the
insufﬁcient continuity of coatings, as mentioned in the literature[25]. Moreover,
according to Zeng[70], Cr carbides are also responsible for the increase in the current
density because the interfaces between Cr carbides and Cr can act as channels for
chlorine ions penetrating the passive ﬁlm to erode the bulk of the coatings or the Cu
support. This could explain the higher ipass of all the curves, and that of the coatings
deposited from DMF mixture electrolyte is lower than that from aqueous electrolyte
which has much higher crack density.
For the coating from aqueous electrolyte, because the deposits contain cracks or
pinholes, the relatively large current density in the passivity region is due to dissolution
of the copper substrate rather than to dissolution of the deposits[23].
It was reported[70] that Cr–P coatings exhibit better corrosion resistance than
traditional Cr and Cr–C coatings the formation of a phosphide passive ﬁlm, which has
high stability and self-repairing ability, and can act as a “buffer” to reject the
penetration of chloride ions. Cr-P would be a promising direction instead of Cr-C for this
co-deposition system.

48

4.8 Nano indentation test

Table 4.5 Elastic modulus and hardness

Sample No.
Bath
Cr content HV (Vickers) E (GPa)
1
Aqueous electrolyte
80%
1743.613
283.900
2
DMF mixture electrolyte
80%
948.79
141.067

The elastic modulus and hardness test result is shown in Table 4.5. What could be
account for the big hardness difference between coating deposited from aqueous and
DMF mixture electrolytes was unknown. Unfortunately, the machine was down, further
tests were no longer available.

Chapter 5 Electroplating of Ni-Cr Multilayers in Single Bath
5.1 Six multilayer coatings
The multilayer coatings were deposited from DMF electrolyte with composition shown
in Table 5.1. And Figure 5.1 shows the deposition parameters for six multilayers from
DMF mixture electrolyte. Since the thickness of each layer is proportional to the current
density and deposition time. The current density was switched between 4A/dm2 to
7A/dm2 alternatively with circle of 3, to prepare Ni-rich layers and Cr-rich layers.
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Table 5.1 Constituent of electrolytes for 6 multilayer coatings (25℃)

Constituent

Function

Concentration

CrCl3·6H2O

Source of Cr3+

0.48M

NiCl2·6H2O

Source of Ni2+

0.12M

CHOONa

Complex agent

0.6M

urea

Complex agent

0.6M

NaBr

Antioxidizing agent

0.18M

(NH4)2SO4

Conducting salt

0.18M

H3BO3

Buffer agent

0.43M

solvent

DI water: DMF=6:4

SDS

Wetting agent

0.2g/L

pH

2.0

2.0

Figure 5.1 The current density waveform for 6 layers coating
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Figure 5.2 SEM imaging of 6 multilayer coatings (a) morphology, (b) cross section

Figure 5.3 Cross section EDS line scan of 6 multilayer coating

As shown by Figure 5.2 and Figure 5.3, it is possible to reliably produce multilayered
structures in wide intervals of changes in thicknesses. Table 5.2 shows the Cr content of
each layer.
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Table 5.2 The quantitative chemical compositions in the Cr-rich and Ni-rich layers

Ni-rich layer

Cr-rich layer

Element

Weight%

Atomic%

Weight%

Atomic%

Cr K

37.21

40.08

77.63

79.66

Ni K

62.79

59.92

22.37

20.34

5.2 Nano-multilayer coatings
The multilayer deposition parameter was set by group experiments and shown in Table
5.3. As shown in Figure 5.4, a crack-free Ni-Cr multilayer was deposited from single bath
successfully. The scratches came from copper substrate by polishing.

Table 5.3 Deposition parameters for nano-multilayers for TEM observation

S=1.5*3.5

Current

density Deposition

Cycles

Thickness

Deposition

(nm)

rate (nm/s)

(A/dm2)

time (s)

Ni-rich layer

3.5

18

40

16.5

0.91

Cr-rich layer

8.5

10.5

40

23.5

2.23

Figure 5.4 Morphologies of the nano-multilayers at (a) 500× and (b) 5,000× magnification
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5.2.1 The preparation of cross section for thin film
Since the thickness of each layer was down to tens nanometers, TEM observation was
needed to exam the multilayered structure. Specimens for TEM were prepared with a
special process to an ultrathin thickness that allows electrons to transmit through the
sample.
The thinning procedure for cross section specimen including the pre-preparation of the
specimen, it’s fixing, the mechanical pre-thinning and the thinning by ion beam milling.
1) Specimen pre-preparation
At the beginning of the pre-preparation stage of coated specimens, small
specimens (2.5mm×10mm) were cut from the specimen using a diamond saw. To
ensure that the specimens could be bonded as closely as possible, deburring was
carried out on the sharp edges produced by cutting. Then the specimens were
cleaned in ethanol and acetone with ultrasonic for 2-3min, successively, to keep
the surfaces very clean in order to achieve the high degree of bonding necessary.
2) Bonding of the coated material specimens to a “sandwich”
Based on the requirements of adhesives for bonding, Petropoxy 154 (Figure
5.5(a)) was chosen for the coated specimen. The cleaned specimens were
applied to a thin layer of glue on their coated sides by a fine brush. The both part
will be put one upon the other and pressed together firmly to ensure that the
adhesive gap was kept as narrow as possible. The “sandwich” was then placed in
the clamp (Figure 5.5(b)) with pressure, separated by two pieces of Teflon to
prevent the specimen being glued to the clamp. And then put them on the
heating plate (130°C) for two hours for the curing of glue.
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Figure 5.5 (a) Petropoxy 154, (b) clamp

3) Mechanical pre-thinning
The “sandwich” was cut by diamond saw to thin slice of about 0.5mm thickness,
polishes each cross section face, fixed on the 3mm copper ring by AB glue and
then grinded and polishes to discs of at least 30 µm thickness. Precision dimpler
was not used in the mechanical pre-thinning method to protect the bonded
specimens from breaking apart.
4) Ion beam milling until perforation
The ion beam thinning steps shows in Table 5.4

Table 5.4 Ion beam thinning steps

Step

Voltage
(keV)

Degree
(°)

Time
(min)
Until observed
the hole

1

5

6

2

5

4

Until the hole is
big enough

3

5

2

5-10min

Note
Thinning the specimen quickly, but will damage
the surface
Continue to thinning the hole, and leads to
larger area of electron transparency in the
specimen
Thinning rate is slow, but has lower material
damage and lower specimen heating which can
repair the surface of the specimen
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5.2.2 TEM observation
Figure 5.6 (a) and (b) show the cross-sectional TEM images of multilayer coating under
different magnifications. The thickness of Cr-rich to Ni-rich layers was shown in Table
5.3. Those pictures proved that a modulation Ni-Cr multilayered coating can be
successfully obtained from single bath, and the interfaces are very clear.

Figure 5.6 Cross-sectional TEM images of Cr-Ni multilayers (a), (b) under different magnification, (c)
HRTEM micrograph, and (d) SAED pattern of the coating shown in (b)

HRTEM micrograph of the multilayer coating presents in Figure 5.6 (c). It showed that
the Ni-rich layer consisted of nanocystalline with an average grain size of 5 nm; while
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the structure of Cr-rich layer is amorphous. Selected area electron diﬀraction (SAED)
patterns of the multilayer are presented in Figure 5.6 (d). The continuous rings and
diffuse halos in the SAED pattern indicated that the coating is constructed with
modulated nanocystalline and amorphous structure. This conclusion was consistent
with the HRTEM observation in Figure 5.6.

Figure 5.7 The EDS spectrum of (a) Ni-rich layer, (c) Cr-rich layer, and line scan result of (e)
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Table 5.5 The quantitative chemical compositions in the Cr-rich and Ni-rich layers

Ni-rich layer

Cr-rich layer

Element

Weight %

Atomic %

Weight %

Atomic %

Cr(K)

3.86

4.33

70.18

72.66

Ni(K)

96.13

95.66

29.81

27.33

EDS spectrum result of the Ni-rich layer and Cr-rich layers are presented in Figure 5.7 (b) and (d), detected
by electron probe. As shown in

Table 5.5, the Ni-rich layer consists of 95.66% nickel and 4.33% chromium, while there is
27.33%nickel and 72.66% chromium in the Cr-rich layer.

5.2.3 Scratch test
In the microscratch tests, a conical diamond indenter having a tip radius of 1.5 µm and
an included angle of 60° was drawn over the sample surface. The 0.5-mm long scratches
were made by translating the sample while the loads on the conical tip ramp up from 6
mN to 50 mN. Scanning electron microscopy (SEM; Zeiss Ultra plus Field Emission Gun
(FEG)-SEM) was used to examine the scratch tracks for all samples. The microscratch
test was repeated 5 times for each sample.

Table 5.6 Deposition parameters for nano-multilayers for hardness and wear resistance test

No. of
sample

Ni layer
Current
(A)

Deposition
Time (s)

Cr layer
Current
(A)

Deposition
Time (s)

Total
Thickness
(µ)

No. of
layers

Thickness
of
each Ni
layer (nm)

Thickness
of
each Cr
layer (nm)

1
2
3
4
5
6

0.3
0.3
0.3
0.3
0.3
0.3

6
6
4
4
3
3

0.63
0.72
0.63
0.72
0.63
0.72

2
2
1.5
1.5
1
1

1.7
2
1.2
1.5-1.6
1.08
1.5-1.6

80
80
80
80
120
120

21.25
21.25
15
15
9
9

21.25
28.75
15
22
9
16
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Figure 5.8 Coefﬁcient of friction proﬁles as a function of increasing normal load and SEM images of three
regions over scratches

Figure 5.8 shows the coefﬁcient of friction as a function of increasing normal load and
SEM images of three regions over scratches: at the beginning of the scratch (indicated
by I on the friction proﬁle), at the point of initiation of damage at which the coefﬁcient
of friction in- creases to a high value or increases abruptly (indicated by II on the friction
proﬁle), and towards the end of the scratch (indicated by III on the friction proﬁle), for
the six samples respectively. At the initial stages of scratching, all samples exhibit a
lower coefﬁcient of friction. And they exhibit a continuous increase in the coefﬁcient of
friction with increasing normal load before signiﬁcant damage occurred to the samples.
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The SEM images show that below the critical loads all samples were damaged by
plowing, associated with the plastic ﬂow of material. In region I, shallower plowing
scratch track was found without any debris on the side of the scratch, which is likely the
cause for the lower coefﬁcient of friction before the critical load. In addition to plowing
scratch tracks, pile-up and debris particles were found on region II and III. Sample 1 and
2 exhibit the relatively smaller scratch track among the samples examined. For all
samples, deep plowing with plastic ﬂow of material and pile-up was observed on the
side of the scratch and a curly chip was found at the end of the scratch. This is a typical
characteristic of ductile metal alloys[71].
There were no cracks on all the samples, the cracks were caused by too much ultrasonic
cleaning. The cracks might influence the result accuracy. Unfortunately, the machine
was down, further tests were no longer available.

Chapter 6 Conclusions and Recommendations for Future Studies
6.1 Summary and conclusions
Two complex agents were used to promote the discharge of Cr3+ at the cathode side. A
good ratio of main salts and complexes agents with a decent wide range of current
densities for Ni-Cr alloy was determined by Hull cell test. The control of Cr content in NiCr alloy coating was achieved in the optimized plating bath, ranging from 0%-87%. The
hardness of the coatings is very high without heat treatment. Cathodic polarization
curves were recorded in different solution to study the effect main salts and complex
agents.
The effects of DMF content in the solvent and current density on the surface
morphology, chemical state and hydrogen evolution were studied, adding DFM as part
of the solvent could effectively suppress hydrogen evolution and decrease the density of
cracks on coatings. Additionally, the relative low deposition rate benefits the stress
release of the deposit, which has similar function as low duty circle Cr electroplating for
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crack-free coatings. Crack-free Ni-Cr alloy coatings with Cr content up to 58% was
successfully obtained from 40% DMF mixture electrolyte with wetting agent. The
corrosion behavior was studied by anodic polarization curve measurement.
Cr–Ni multilayers with thickness modulation of several tens of nanometers were
prepared by pulse-current electroplating from a Cr(III)–Ni(II) bath at room temperature.
As characterized by transmission electron microscopy (TEM), the Cr–Ni multilayers were
composed of alternate amorphous Cr-rich and nanocrystalline Ni-rich layers.

6.2 Recommendations for future studies
1. Study the effect of pulse parameter (eg: duty circle, frequency, and current density)
on the coatings;
2. Deposit functional gradient coatings from this system. It could circumvent the
problem with the interface between protective coating and the substrate, namely
poor adhesive strength, Coefficient of Thermal Expansion(CTE) mismatch, and
lattice mismatch;
3. In-deep study the role of DMF act as in the electrodeposition;
4. Study the interface between amorphous layer and nanocystalline layer;
5. Deposit Cr-P coating instead of Cr-C for better corrosion resistance performance.
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